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We have previously shown that retinoic acid (RA) synthesized by the retinaldehyde dehydrogenase 2 (RALDH2) is required in forebrain
development. Deficiency in RA due to inactivation of the mouse Raldh2 gene or to complete absence of retinoids in vitamin-A-deficient (VAD)
quails, leads to abnormal morphogenesis of various forebrain derivatives. In this study we show that double Raldh2/Raldh3 mouse mutants have a
more severe phenotype in the craniofacial region than single null mutants. In particular, the nasal processes are truncated and the eye abnormalities
are exacerbated. It has been previously shown that retinoids act mainly on cell proliferation and survival in the ventral forebrain by regulating
SHH and FGF8 signaling. Using the VAD quail model, which survives longer than the Raldh-deficient mouse embryos, we found that retinoids
act in maintaining the correct position of anterior and dorsal boundaries in the forebrain by modulating FGF8 anteriorly and WNT signaling
dorsally. Furthermore, BMP4 and FGF8 signaling are affected in the nasal region and BMP4 is ventrally expanded in the optic vesicle. At the optic
cup stage, Pax6, Tbx5 and Bmp4 are ectopically expressed in the presumptive retinal pigmented epithelium (RPE), while Otx2 and Mitf are not
induced, leading to a dorsal transdifferentiation of RPE to neural retina. Therefore, besides being required for survival of ventral structures,
retinoids are involved in restricting anterior identity in the telencephalon and dorsal identity in the diencephalon and the retina.
© 2006 Elsevier Inc. All rights reserved.Keywords: Retinoids; Forebrain morphogenesis; Eye development; Raldh2; Raldh3; VAD quail; RPE; Neural retina; SignalingIntroduction
Correct organization of the anteroposterior (A–P) and
dorsoventral (D–V) axes constitutes a fundamental step in the
forebrain, which is subdivided into the anteriorly positioned
telencephalon and eye field, and the more caudal diencephalon.
Several signaling molecules and transcription factors are key
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centers produce mainly sonic hedgehog (SHH), whereas dorsal
centers produce TGF-β and WNTs, and anterior centers secrete
fibroblast growth factor (FGF)8 (reviewed by Echevarria et al.,
2003; Rallu et al., 2002; Wilson and Houart, 2004). Recently
retinoic acid (RA), one of the active vitamin A (retinol)
derivatives, has been implicated in regulating forebrain
patterning by modulating BMP during presomite stages and
FGF8 and SHH signaling at later stages (Halilagic et al., 2003;
Ribes et al., 2006; Schneider et al., 2001). RA is a small
lipophilic molecule and represents the ligand for nuclear
receptors (the RA receptors RARα, β and γ), which are zinc
finger DNA-binding proteins that act as RXR-bound hetero-
dimers to regulate the expression of a wide array of target genes
(Balmer and Blomhoff, 2002; Chambon, 1996; McCaffery and
Drager, 2000). Within embryonic tissues, RA has to be
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oxidative process involving enzymes of the alcohol dehydro-
genase (ADH) and aldehyde dehydrogenase (ALDH) families,
respectively (reviewed by Duester et al., 2003). The stage and
tissue specificity of embryonic RA synthesis relies on the
action of specific retinaldehyde dehydrogenases (RALDH1, 2
and 3), all of which exhibit distinct expression patterns during
embryogenesis.
Studies performed on a vitamin-A-deficient (VAD) quail
model (Halilagic et al., 2003), or in the chick using
pharmacological inhibition of RARs and RXRs (Schneider et
al., 2001) have demonstrated a requirement for RA in forebrain
patterning and craniofacial morphogenesis. These studies have
implicated Raldh2, which is highly expressed in the anterior
definitive endoderm and prechordal mesendoderm (Halilagic et
al., 2003), and Raldh3, which is specifically expressed in the
embryonic facial ectoderm (Blentic et al., 2003; Li et al., 2000;
Mic et al., 2000), as the main RA-synthesizing activities
involved in these processes. Mouse Raldh3 null mutants do
show severe hypoplasia of the nasal region (Dupe et al., 2003),
however, no obvious forebrain abnormality was reported in
these mutants. On the other hand, Raldh2 gene inactivation in
the mouse has demonstrated pleiotropic roles of this enzyme in
patterning of various embryonic structures (Mic et al., 2002;
Molotkov et al., 2005; Sirbu and Duester, 2006; Vermot et al.,
2005). Although murine Raldh2 is only transiently expressed in
the prospective forebrain neuroectoderm and facial ectoderm
(Wagner et al., 2000; Ribes et al., 2006), recent studies have
shown that its lack of function leads to marked deficiencies in
forebrain and optic vesicle development (Mic et al., 2004;
Molotkov et al., 2006; Ribes et al., 2006). It therefore appears
that RALDH2 activity is a critical RA-synthesizing activity in
the early rostral head region. Raldh2 and Raldh3 expression do
overlap, both temporally and spatially, in early embryonic head
tissues (Li et al., 2000; Ribes et al., 2006; Wagner et al., 2000)
and at later stages of development, Raldh2 is expressed in
specific areas of facial mesenchyme, at or near the sites of
Raldh3 expression (Niederreither et al., 2002). It is therefore
possible that the lack of function of RALDH2 or RALDH3 may
be partly compensated by the presence of the other enzyme in
each of the null mutants. Partly redundant functions of the
RALDH1 and RALDH3 enzymes have actually been uncov-
ered in the context of eye development (Matt et al., 2005;
Molotkov et al., 2006).
This study reports the morphological and molecular analysis
of forebrain structures in Raldh2/Raldh3 compound mouse
mutants, and in the VAD quail model. While the mouse mutants
die before E10.5 owing to defective heart development, the
VAD quail embryos survive until 4 days of development
(Dersch and Zile, 1993), equivalent to approximately E12.5 in
the mouse, thereby allowing a better cellular and molecular
analysis of the forebrain and eye structures. By partly rescuing
the abnormal heart phenotype of compound mouse mutants
(Niederreither et al., 2001), we show that in the absence of
Raldh2 and Raldh3, mouse embryos have exacerbated cranio-
facial malformations and eye abnormalities when compared to
single null mutants. With the help of the VAD quail model, wedemonstrate that retinoids are involved in restricting anterior
and dorsal properties of telencephalic, diencephalic and eye
structures. Furthermore, molecular analysis of the developing
eye shows that in the absence of retinoids, dorsal markers are
shifted ventrally and the retinal pigmented epithelium is not
correctly specified. Thus, through the use of the quail model, we
have identified a novel role of RA in controlling anterior and
dorsal boundaries in the forebrain region by regulating directly
or indirectly BMP and WNT signaling pathways.
Materials and methods
Embryo preparation and staging
The generation of Raldh2 and Raldh3 null mutant mice has been previously
described (Niederreither et al., 1999). For maternal RA supplementation, all-
trans-RA (Sigma) in ethanol suspension was mixed with powdered food
(100 μg/g food for treatments from E7.5 to 8.5, 250 μg/g for treatments at later
stages). The RA-containing food mixture (protected from light by aluminum
foil) was left for the mice to feed ad libitum and was renewed every 24 h, after
which the mice were placed in a clean cage with non-supplemented food. All
mouse experiments were conducted in compliance with the European legislation
on care and use of laboratory animals. Fertilized VAD and normal quail eggs
were obtained and staged as previously reported (Dersch and Zile, 1993;
Halilagic et al., 2003).
Histology, staining and in situ RNA analysis
For histology, mouse and quail samples were fixed in Bouin’s fixative for a
few days. Mouse samples were embedded in paraffin, serially sectioned and
stained with Groat’s hematoxylin or Mallory’s trichrome as described
(Ghyselinck et al., 1997). Quail embryos were embedded in Fibrowax, serially
sectioned and stained with hematoxylin and eosin. Whole-mount X-gal assays
were performed as described (Rossant et al., 1991). For the TUNEL assay, the In
Situ Cell Death Detection kit (Roche) was used according to the manufacturer's
instructions with some modifications as described (Halilagic et al., 2003).
Whole-mount in situ hybridization (ISH) on mouse embryos was performed
using an Intavis InSituPro robot (for a detailed procedure, see http://www.
eumorphia.org/EMPReSS/servlet/EMPReSS.Frameset, gene expression sec-
tion). ISH on quail embryos was performed as previously reported (Dupe et
al., 2003; Halilagic et al., 2003). Sections were cut at 30 μm on a vibratome and
mounted in glycerol.Results
Raldh2 and Raldh3 compound mutants have more severe
craniofacial defects than single mutants
To investigate whether RALDH2 and RALDH3 might have
partly redundant functions in head development, we generated
double null mouse mutants by intercrossing compound
Raldh2+/−/Raldh3+/− heterozygous mice (Niederreither et al.,
1999; Dupe et al., 2003). As previously shown, dietary
maternal RA supplementation from E7.5 to E8.5 can partly
rescue the abnormal heart phenotype of Raldh2−/− null mutants,
allowing to recover them at fetal stages (Niederreither et al.,
2001). After short-term RA rescue, E14.5 Raldh2−/− fetuses
displayed relatively subtle facial defects, with a mild truncation
of the nasal region (Fig. 1B, arrowhead). Raldh3−/− fetuses
were externally normal, except for the presence in some of them
of a reduced palpebral fissure (Fig. 1C, black arrowhead). In
Fig. 1. Stage- and gene dosage-dependent facial and ocular abnormalities in Raldh2/Raldh3 compound mutant mice. Face and profile views of E14.5 wild-type (A),
Raldh2−/− (B), Raldh3−/− (C) and Raldh2−/−;Raldh3−/− compound mutants obtained after various time windows of RA supplementation (D–F; see Results) are shown,
as well as higher magnifications of the eye region (insets). The red arrows point to medial nasal cleft or incomplete closure of medial and lateral nasal processes (F).
White arrowheads indicate truncation of the nasal region, and black arrowheads point to absent or markedly reduced (F) palpebral fissure. Note that under minimal RA
rescue condition, both the Raldh2−/− and Raldh2/Raldh3 compound null mutants have severely deficient forelimbs (fl), whereas their hindlimbs (hl) are normally
formed.
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facial defects, especially at the frontonasal level (Fig. 1D, white
arrowhead and Supplementary Fig. 1). Rudimentary medial and
lateral nasal swellings were seen, which may have failed to fuse
due to the almost complete absence of a frontonasal process
(Fig. 1D, red arrow). The mandibular and maxillary swellings
were present, although somewhat truncated (Fig. 1D). After
maternal supplementation of RA from E7.5 to E9.5, the facial
phenotype of Raldh2−/−/Raldh3−/− mutants improved (Fig. 1E,
white arrowhead), and double mutants had better developed
nasal processes, although these had not properly fused along the
midline (Fig. 1E, arrow). Histological analysis showed the
presence of nasal chambers and cartilaginous capsules, although
no nasal septum was present (Supplementary Fig. 1). The
mandibular and maxillary regions were essentially of normal
size (Fig. 1E). Rescue was even more potent when supplemen-
tation was provided until E10.5, as only mild lateral nasal clefts
were seen in the compound mutants (Fig. 1F, arrows). Gene
dosage-dependent effects were also observed, as Raldh2−/−/
Raldh3+/− fetuses consistently had less severe facial deficien-
cies than the double null mutants (data not shown). Thus, our
morphological data show that RALDH2 and RALDH3
cooperate in the development of craniofacial structures.
Raldh2 and Raldh3 synergize in proximal/ventral eye
development
Severe eye abnormalities were observed in E14.5 double null
Raldh2/Raldh3 fetuses. Whereas RA-rescued Raldh2−/−
mutants had histologically normal eyes (Figs. 2A, B, and datanot shown), compound mutants that were RA rescued until E8.5
or E9.5 exhibited a similar set of defects, characterized by a very
short optic stalk with no evidence of optic nerve differentiation,
and the presence of eye structures deep within the head
mesenchyme (Figs. 2E and F). These comprised a hypoplastic
lens vesicle (Fig. 2F), except in one animal where an absence of
lens induction occurred on one side (Fig. 2E). The dorsal retina
was well developed, and both neural and pigment epithelium
layers were present, whereas the ventral retina was absent or
poorly developed (Figs. 2E and F). Eye development could be
significantly improved in compound null mutants by extending
the RA supplementation until E10.5. The resulting eyes
developed in a normal location and resembled those of
Raldh3−/− mutants (compare Figs. 2C and D), except for a
further reduced palpebral fissure (see also Fig. 1F) and a thicker
corneal stroma.
The presence of one functional Raldh3 allele resulted in
almost normal eye development in the Raldh2−/−/Raldh3+/−
mutants, even after short-term RA rescue (data not shown).
Similarly, the eyes of Raldh3−/−/Raldh2+/− mutants were alike
at this stage with those of Raldh3−/− single mutants (data
not shown). However, when analyzed at E17.5, Raldh3−/−/
Raldh2+/− mutants had a disorganized retina, a hypoplastic lens
vesicle and a severe retrolenticular membrane (Fig. 2I), whereas
Raldh3−/− mutants exhibited relatively mild ocular abnormal-
ities (Dupe et al., 2003; Figs. 2G and H). Furthermore, the
perioptic mesenchyme did not differentiate into cornea, and a
ciliary body did not develop at the margin between neural and
pigment retinal layers (Figs. 2G–I, insets). Thus, heterozygous
inactivation of Raldh2 both increases the retinal defects of
Fig. 2. Compound Raldh2 and Raldh3 loss of function severely affects eye development. (A–F) Coronal eye sections of wild-type (A), Raldh2−/− (B), Raldh3−/− (C)
and Raldh2−/−;Raldh3−/− compound mutants (D–F) obtained at E14.5 after various time windows of RA supplementation (as indicated). (G–I) Coronal eye sections of
E17.5 wild-type, Raldh3−/− and Raldh3−/−/Raldh2+/− fetuses, respectively. Insets (bottom left) show details of the cornea and iris/ciliary region. co, Cornea; dr, dorsal
retina; le, lens; on, optic nerve; os, optic stalk; pe, pigment epithelium; rm, retrolenticular mesenchyme; vr, ventral retina.
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mesenchyme-derived structures. These results show that proper
levels of RALDH2 are critical during eye development in a
Raldh3−/− genetic background.
Compound absence of Raldh3 has a weak influence on
molecular patterning of the forebrain region in Raldh2−/−
embryos
Raldh2−/− embryos have been shown to develop hypoplastic
forebrain structures (Ribes et al., 2006). Since Raldh3 expres-
sion is maintained in the head region of these mutants (Mic et al.,
2004; Ribes et al., 2006), we assessed whether combined Raldh2
and Raldh3 loss-of-function abolishes RA signaling by analyz-
ing embryos harboring a RARE-hsp68-lacZ reporter transgene
(Rossant et al., 1991; Figs. 3A–D). This transgene is normally
activated in the forebrain and optic vesicle neuroepithelium, as
well as in adjacent facial mesenchyme and surface ectoderm,
of wild-type embryos (Ribes et al., 2006; Fig. 3A). As
previously shown, the RARE-lacZ reporter transgene was
activated in the rostral head mesenchyme of Raldh2−/− embryos
by E9.5 (Ribes et al., 2006; Fig. 3B). Its expression was
markedly reduced and scattered in Raldh2−/− mutants lackingone functional Raldh3 allele (Fig. 3C), and extinguished in
double null Raldh2/Raldh3 mutants (Fig. 3D). Thus, a com-
bined RALDH2 and RALDH3 deficiency leads to a complete
lack of detectable RA activity in the early embryonic head.
To analyze whether forebrain and eye patterning were
affected in compound mutants, we used Otx2 and Pax6 as
regional molecular markers (Figs. 3E–J). While the expression
pattern of both genes was not altered in the forebrain region of
Raldh2−/− mutants (Figs. 3F and I), compound Raldh3
disruption leads to an irregular forebrain shape (Figs. 3D and
G, arrowheads) and increased overall expression levels of Otx2
(Fig. 3G). The diencephalic expression domain of Pax6
expression was extended along the A–P axis in double
compound mutants (Fig. 3J, arrowheads), and the clear-cut
D–V distribution of both genes in the optic vesicle was
disrupted (Figs. 3G and J, asterisks). We also analyzed two
dorsal and ventral eye determinants, Tbx5 and Vax2, respec-
tively, which have been shown to play crucial roles in the
establishment of D–V patterning in the eye (Barbieri et al.,
2002; Koshiba-Takeuchi et al., 2000; Mui et al., 2002). Tbx5
was expressed in both Raldh2−/− and Raldh2−/−/Raldh3−/−
mutants at E9.5, but its expression seemed to be ventrally
shifted in double mutants, considering the severe hypoplasia of
Fig. 3. Molecular analysis of Raldh2;Raldh3 compound mutant embryos. (A–D) Wild-type (A), Raldh2−/− (B), Raldh2−/−;Raldh3+/− (C) and Raldh2−/−;Raldh3−/−
(D) mutants harboring the RA-responsive RARE-hsp68-lacZ transgene were analyzed at E9.5 by X-Gal assay. (E–P) Whole-mount in situ hybridization was carried
out with various digoxigenin-labeled probes on E9.5 embryos (genotypes and probes as indicated above and in left column, respectively). The arrowheads in panels D
and G indicate an irregular forebrain shape. The asterisks in panels G and J point to the absence of a clear-cut D–Vexpression distribution of Otx2 (G) and Pax6 (J).
The arrowheads in panel J delineate the rostro-caudal extension of Pax6 expression in the diencephalic region of Raldh2−/−;Raldh3−/−mutant embryos. The bracket in
panel M designates the reduced size of the optic vesicle in double mutant embryos.
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hand, Vax2 expression was strongly down-regulated in the
optic vesicles of both the Raldh2−/− and Raldh2−/−/Raldh3−/−Fig. 4. Affected dorsal properties and impaired retinal pigmented epithelium (RPE) d
14/15 during invagination of the optic vesicle (A–F′) and at stage 19/20 during opt
ventral is at the bottom. (A, A′, G, G′) Nissl staining indicates that the overall morpho
at later stages (G, G′). Molecular regionalized markers are indicated above the panels
(M, M′, N, N′), neural retina markers (D, D′, I, I′, L, L′) and RPE-specific markers
expansion of dorsal markers. At early stages, Bmp4 expression is expanded ventrally
At later stages neural retina expressions of Pax6, Tbx5 and Bmp4 are ectopically ex
regulated in the dorsal RPE layer (O′, P′, arrows).mutants (Figs. 3N–P). Finally, expression of two determinants
of ventral forebrain (Nkx2.1) and telencephalic (Foxg1)
development was not detectably changed in Raldh2−/−/ifferentiation in VAD quail embryos. All panels are frontal eye sections at stage
ic cup formation (G–P′) in normal and VAD embryos. Dorsal is at the top and
logy is not affected during early eye invagination (A, A′), but severely impaired
and are subdivided into dorsal markers (B, B′, C, C′, J, J′, K, K′), ventral markers
(E, E′, F′, F′, O, O′, P, P′). Arrows in panels D′, J′ and K′ indicate the ventral
(C′, arrow) and is ectopically expressed in the presumptive RPE layer (asterisk).
pressed in the RPE layer (J′, K′, arrowheads), while Otx2 and Mitf are down-
367A. Halilagic et al. / Developmental Biology 303 (2007) 362–375Raldh3−/− compound mutants when compared to Raldh2−/−
embryos (Ribes et al., 2006, and data not shown).
In summary, E9.5 compound Raldh2/Raldh3 mutants do not
show strong defects of the molecular determinants involved in
forebrain and eye patterning, in contrast to the severe morpho-logical defects described above. It is therefore plausible that
molecular abnormalities might become more evident at later
stages. However, we chose not to perform a systematic analysis
of gene expression following RA rescue, as the exogenous RA
might itself affect gene expression patterns.
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quail embryos
To overcome the limitation due to early lethality of mouse
Raldh2/Raldh3 null mutants, we used another experimental
model, the VAD quail, which was already used to investigate
the consequences of disrupted RA signaling in early forebrain
development (Halilagic et al., 2003). We first characterized the
expression of the three Raldh genes in the developing quail eye
(see Supplementary Fig. 2), which were consistent with data
reported in the chick (Blentic et al., 2003; Mic et al., 2000;
Suzuki et al., 2000).
To investigate whether eye patterning was affected in VAD
quail embryos, we performed histology and analyzed various
regionalized eye markers at stage 14/15 when the optic
vesicle starts to invaginate, and at stage 19/20 when the optic
cup is fully formed. No obvious morphological differences
were detected in the invaginating optic vesicles of VAD
embryos and a lens was apparently induced (Figs. 4A and
A′). However, expression of Tbx5 and Bmp4, two dorsal
neural retina markers (Koshiba-Takeuchi et al., 2000; Trousse
et al., 2001), was ventrally expanded in VAD embryos (Figs.
4B–C′). Interestingly, Bmp4 was also ectopically expressed
in the proximal layer, the prospective RPE (Fig. 4C′,
asterisk). The signaling molecule FGF8 was ventrally shifted
in VAD embryos leaving the dorsal-most neural retina free of
Fgf8 expression (Fig. 4D′, arrows). We also analyzed two
early RPE markers, Otx2 and Mitf (Martinez-Morales et al.,
2004), and no changes were detected in VAD embryos,
suggesting that the RPE starts to be normally induced at this
stage (Figs. 4E–F′).
Next, we looked at optic cup stages when normally the RPE
has become thinner and closely juxtaposed to the neural retina
(Figs. 4G–P′). As observed by Nissl staining, the VAD optic
cups failed to invaginate properly, resulting in neural and RPE
layers of similar thickness that were not (or imperfectly)
juxtaposed (Fig. 4G, arrows). By TUNEL assay, we observed a
marked increase of apoptotic cells in the neural retina (Fig. 4H′,
arrow). Interestingly, the general eye marker Pax6 was
uniformly expressed at higher levels than normal in VAD
embryos (Figs. 4I and I′) and ectopic expression was detected in
the presumptive RPE (Fig. 4I′, arrowhead). Similarly, Tbx5 and
Bmp4were ventrally expanded in VAD embryos and ectopically
expressed in the RPE layer (Figs. 4J′ and K′, arrowheads).
Moreover, Bmp4 expression was also ectopically induced in the
ventral-most part of the optic cup (Fig. 4K′, asterisk) and Fgf8
expression was markedly reduced in VAD embryo (Fig. 4L′,
arrow). To assess whether ventral eye properties were affected
in VAD embryos, we looked at the expression of Vax and
Pax2, two transcription factors involved in ventral eye
patterning (Schulte et al., 1999). A small remnant of Vax
expression was maintained in ventral regions (Fig. 4M′, arrow),
whereas Pax2 expression in the lateral optic stalk was not
apparently changed (Figs. 4N and N′). Finally, we looked at
Otx2 and Mitf expression, which at this stage are expressed
along the whole D–V length of the RPE (Figs. 4O and P). In
VAD embryos, expression of Otx2 and Mitf was mainlyrestricted to the ventral parts of the optic cup and totally absent
or strongly reduced in the dorsal portions of the cup (Figs. 4O′
and P′, arrows).
In summary, in VAD quail embryos dorsal markers are
shifted ventrally during the process of invagination and the
formation of the RPE layer is affected in the dorsal optic cup,
suggesting a possible transdifferentiation from RPE to neural
retina in the dorsal region of the eye.
Defective patterning of the forebrain rostral midline and nasal
placodes in vitamin-A-deficient quail embryos
In a previous study on the role of retinoids in early
patterning of the forebrain, we observed a failure of the VAD
prosencephalon to split into separated vesicles (Halilagic et al.,
2003). In this study, we used a series of markers specific to the
rostral forebrain to characterize the identity of the rostral-most
part of the telencephalon. BMPs have been implicated in cell
proliferation and in patterning the rostro-medial axis of the
telencephalon by promoting midline cell fates (Furuta et al.,
1997; Golden et al., 1999; Ohkubo et al., 2002). At stage 14/
15, Bmp4 expression, which is normally diffuse in the rostral
prosencephalon, was down-regulated in VAD quail embryos
(data not shown). At later stages, Bmp4 expression is normally
confined to a group of cells in the medial part of the
telencephalon, dorsally to the Fgf8-positive domain, and in
the nasal pits and fins (Figs. 5A and B; Song et al., 2004). VAD
quail embryos lacked Bmp4 expression in the rostral
telencephalon (Fig. 5A′, arrowhead), but retained expression
around the nasal pits (white arrow). A sagittal view (Fig. 5B′)
indicates that expression of Bmp4 was increased in the pit
region (black arrow) and in the dorsal retina (red arrow), but
absent in the nasal fin (red arrowhead), suggesting an aberrant
distribution of BMP4 signaling in the nasal region. In the
telencephalon Bmp4 expression has been associated with an
increase in cell death (Furuta et al., 1997). Interestingly, VAD
embryos did not show a restricted region of TUNEL-positive
cells in the rostral midline, as compared to normal embryos
(Figs. 5G and G′), in accordance with a lack of BMP4
signaling. The fibroblast growth factor FGF8 is normally
expressed in a triangle-shaped domain corresponding to the
anterior neural ridge (ANR) (Crossley et al., 2001), and in the
nasal pit region (Fig. 5C). The anterior expression domain was
abnormally expanded dorsoventrally and laterally in the
anterior neuroectoderm of VAD embryos (Fig. 5C′, arrows
and inset), whereas nasal pit and fin expression were absent
(Figs. 5C′ and D′, red arrowhead and red arrow). A slight
anterior neuroectoderm expansion was already noticed at stage
11 in VAD embryos, although not as much pronounced as at
later stages (Supplementary Fig. 3). The transcription factor
Six3, normally expressed in the anterior forebrain including
the region of the optic recess (Oliver et al., 1995), was
expanded in VAD embryos (Fig. 5E′, asterisk). On the other
hand and consistent with the abnormal ANR size, VAD
embryos showed an enlarged Foxg1-negative area in the rostral
brain (Fig. 5F′, asterisk). Expression of Foxg1 was however
normally maintained in the reduced telencephalic vesicle of
369A. Halilagic et al. / Developmental Biology 303 (2007) 362–375VAD embryos, in accordance with Raldh2 and Raldh2/Raldh3
double null mutant mice (data not shown).
In summary, these data indicate that the most anterior region
of VAD embryos has abnormal BMP4 and FGF8 signaling,
leading ultimately to the absence of forebrain splitting and
abnormal frontonasal patterning. These data also implicate a
possible source of retinoids in the rostral-most part of the
prosencephalon. Indeed, we could detect expression of Raldh2
and Raldh3 at stage10 in the rostral and ventral surface
ectoderm, respectively (Figs. 5H and I), implying that retinoids
might act in the neuroectoderm and pattern rostral-most
structures.
Dorsoventral defects in the vitamin-A-deficient forebrain
We asked next whether retinoids are also involved in D–V
patterning of the forebrain by looking at the general morpho-Fig. 5. Altered BMP and FGF signaling in the craniofacial region of VAD quail embr
19/20 normal and VAD quail embryos hybridized with the markers indicated above. (
in the anterior ectoderm Bmp4 expression is down-regulated (A′, black arrowhead), w
VAD embryos. Accordingly, the anterior-most marker Six3 (E′, red asterisk) and the
(B′, D′) In the nasal region Bpm4 expression is up-regulated in the nasal pits (np) (
whereas Fgf8 expression is down-regulated in both structures (C′,D′, red arrowheads
and lack of Fgf8 expression in the eye (G, G′). Horizontal sections assayed for apop
midline of VAD embryos (the arrow in panel G indicates the presence of TUNEL-pos
(H, I) Sagittal sections of stage 10 normal quail embryos hybridized with Raldh2 and
ectoderm (se), respectively. dm, Dorsal midline; ne, neuroectoderm; hm, head meselogy and the expression of markers specific for dorsal and
ventral structures. Mid-sagittal sections of stage 19/20 VAD
embryos showed an abnormal regionalization of the forebrain
into distinct vesicles and a thickened dorsal neuroectoderm with
the presence of an abnormal number of constrictions (Fig. 6A′,
arrowheads). This is reminiscent of the abnormal forebrain
shape of compound Raldh2/Raldh3 null mutants (Fig. 3).
Ventrally, the neuroectoderm was thinner and lacked morpho-
logically distinct structures (Fig. 6A′, asterisk). Expression of
Pax6 is normally graded in the telencephalon, diencephalon
and eye region (Fig. 6B). In VAD embryos Pax6 expression in
the telencephalon was reduced and shifted caudally (Fig. 6B′,
asterisk), while in the prospective thalamic region, regionalized
Pax6 expression was affected (arrow). Likewise, expression of
the regionalized telencephalic markers Emx1 and Emx2 was
shifted caudo-ventrally in VAD embryos (Figs. 6C′ and D′).
Thus, anterior markers were shifted posteriorly in VAD em-yos. Frontal (A, A′, C, C′, E, E′, F, F′) and sagittal (B, B′, D, D′) views of stage
A) The embryo is double hybridized with Fgf8 (red) and Bmp4 (blue). Note that
hile Fgf8 expression is expanded (C′, red arrows, and inset, transverse section) in
anterior neural ridge (anr) devoid of Foxg1 (F′, red asterisk) are both expanded.
B′, black arrow) and down-regulated in the nasal fins (nf) (B′, red arrowhead),
). Arrows in panels B′ and D′ indicate dorsal expansion of Bmp4 expression (B′)
tosis (TUNEL) indicate that there is a lack of apoptotic cell in the rostral-most
itive cells in a normal embryo; see also Figs. 5C and H in Halilagic et al., 2003).
Raldh3 show that both enzymes are expressed in the rostral and ventral surface
nchyme.
Fig. 6. Abnormal forebrain morphology and patterning in VAD quail brains. (A, A′) Nissl staining on sagittal sections of normal and VAD quail brains shows that the
overall forebrain morphology is severely affected in VAD embryos. Dorsally and anteriorly, the neuroectoderm is thicker and has abnormal constrictions (A′
arrowheads). (B–H′) Hemisected forebrains from stage 19/20 normal and VAD quails hybridized with the markers indicated on the left. Regionalized telencephalic
markers are both reduced and caudally shifted (B′, asterisk; C′, D′, arrow). Dorsal markers are strongly up-regulated (E′, F′, asterisks), and ventral markers are reduced
(G′, H′). Note that Shh expression is strongly reduced in the basal telencephalon (bt) and prospective hypothalamus (hy) (H′, arrow), but abnormally enlarged in the
basal diencephalon (bd) (H′, arrowhead) of VAD embryos. Interestingly, Shh expression in the zona limitans intrathalamica (zli) is absent in VAD quail embryos (H′,
asterisk). t, Telencephalon; d, diencephalon; m, midbrain; e, eye; dd, dorsal diencephalon; r, rhombencephalon; or, optic recess; in, infundibulum.
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identity.
To assess whether ventral structures and signaling were
affected in VAD embryos, we used Nkx2.1 and Shh for
characterizing the basal telencephalon and diencephalon
(Crossley et al., 2001). Nkx2.1 and Shh expression domains
were reduced in the prospective hypothalamus and basal
telencephalon of VAD embryos (Figs. 6G′ and H′), suggest-
ing defective ventral patterning in the forebrain region. Shh is
also expressed in the floor plate and in the diencephalon its
dorsal limit coincides with the alar/basal plate boundary
(Zeltser, 2005). This boundary appeared to be altered in VAD
embryos, as seen by expanded Shh expression (arrowhead in
Fig. 6H′). Finally, Shh is also present in the zona limitans
intrathalamica (ZLI), a prominent structure that protrudes
from the basal plate at the boundary between the prospective
prethalamus and thalamus and acts as a signaling center
(Kiecker and Lumsden, 2004). Interestingly, Shh expression
was completely abolished in the ZLI of VAD embryos
(asterisk in Fig. 6H′) and genes normally absent in the ZLI
were up-regulated or failed to show a clear expression
boundary in VAD embryos (Figs. 6B′, E′, F′ and Supple-
mentary Fig. 3).Finally, we also tested whether dorsal patterning was altered
in VAD embryos, since a source of RA is active in the dorsal
midline, as seen by the restricted expression of Raldh2 in the
dorsal surface ectoderm (Supplementary Fig. 4). As observed in
Figs. 6E–F′ and Supplementary Fig. 3, dorsal-restricted
markers, such as EphA7 (Araujo and Nieto, 1997), Wnt1 and
Wnt3a (Megason and McMahon, 2002) were ventrally
expanded in the diencephalon and midbrain of VAD quail
embryos (Figs. 6E′ and F′, asterisks), consistent with a role of
RALDH2 to restrict dorsal neural properties.
In summary, our data indicate that retinoids regulate D–V
patterning in the diencephalon and midbrain by modulating
WNT signaling dorsally and SHH signaling ventrally.
Discussion
RALDH2 and RALDH3 both contribute to craniofacial
morphogenesis
Previous studies in the mouse and chick have shown that
the nasal pit is an important source of retinoids, which is
required for lateral nasal prominence development and
subsequent morphogenesis (Dupe et al., 2003; Song et al.,
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main enzyme responsible for the synthesis of RA in the nasal
region (Dupe et al., 2003). Our study in mouse mutants shows
that RALDH2 also contributes to the morphogenesis of the
nasal region. While Raldh2 null mutants have subtle facial
defects after RA rescue, Raldh2/Raldh3 compound null
mutants have severe facial defects that are gene dosage-
dependent and much more severe than those seen in Raldh3
null mutants. Our data suggest that both enzymes might act on
distinct tissues in the head region. While Raldh3 is expressed
in the nasal ectoderm (Dupe et al., 2003), Raldh2 is expressed
in the adjacent mesenchyme and Raldh2 null mutant embryos
have a disorganized mass of mesenchymal cells massively
migrating towards anterior regions (Ribes et al., 2006), which
could interfere with normal craniofacial morphogenesis.
Altering RA signaling in chick embryos also leads to severe
abnormalities in the frontonasal region (Schneider et al., 2001;
Song et al., 2004). In this study, we show that beside abnormal
FGF and SHH signaling in the forebrain neuroectoderm (see
below), VAD quail embryos have also specific alterations in
BMP and FGF signaling in the nasal region. Indeed, Bmp4
expression is increased in the nasal pits but absent in the nasal
fins, whereas Fgf8 is absent in both nasal structures. Single
Raldh3 null mutants have altered Fgf8 expression in the
nasal region, however, Bmp4 was not analyzed (Dupe et al.,
2003). In summary, we propose that RALDH2-mediated RA
synthesis in the adjacent mesenchyme contributes, together
with RALDH3 activity in the nasal epithelium, to the
morphogenesis of the nasal processes.
Altered anterior forebrain properties in the absence of
retinoids
In our previous study we showed that prechordal mesendo-
dermal and prospective telencephalic markers expanded poster-
iorly in early somite-stage VAD quail embryos (Halilagic et al.,
2003). In this report we show that the ANR, the anterior-most
region of the neural tube, and the corresponding Fgf8
expression are enlarged in stage 19/20 VAD embryos. However,
a previous study in which retinoid signaling was inhibited in the
chick craniofacial region through the use of RAR/RXR
antagonists, reported a consequent loss of Fgf8 expression
(Schneider et al., 2001). This discrepancy might be due to
differences in stages in which retinoid signaling has been
altered. Indeed, while in the pharmacologically treated chick
embryos, retinoid signaling is affected at stage 10 (Schneider et
al., 2001), in the VAD embryos retinoid signaling is absent from
the onset of embryogenesis. Previous studies in quail embryos
have shown that the critical RA-sensitive developmental
window is at stage 8, in accordance with other studies in
chick (Zile, 2001; Dupe and Lumsden, 2001). Therefore,
altering RA signaling at stage 10 might have produced a series
of effects beyond the physiological ones. On the other hand,
analysis of Raldh2−/− mouse mutants provided evidence for a
decreased efficiency of FGF signaling in the rostral head (Ribes
et al., 2006). However, although relatively weak in the ANR,
Fgf8 expression was expanded laterally almost to the level ofthe optic vesicles (Fig. 7D in Ribes et al., 2006). An expansion
in the expression of Sprouty1, an FGF-dependent gene, was
also found. These observations may reflect the situation seen in
the rostral neuroepithelium of VAD quail embryos.
Additionally, in the quail, the regionalized marker Pax6,
normally expressed at higher levels anteriorly is caudally shifted
and Emx2, expressed at higher levels in the caudal telencepha-
lon is ectopically expressed in the diencephalic territory. These
data are consistent with the role of RA signaling in restricting
anterior domains. However, in the absence of retinoids, the
telencephalon is hypoplastic and fails to be split into two
vesicles both in RALDH-deficient mouse embryos and in VAD
quail embryos. In this study, we additionally show in quail
embryos that Bmp4 expression is decreased whereas Fgf8
expression is increased in the anterior ectoderm before the
subdivision into vesicles (Supplementary Fig. 3 and data not
shown). Experiments in the chick using beads have demon-
strated that decreasing BMP signaling by noggin increases Fgf8
expression and affects proliferation ending up with a single
vesicle at later stages (Crossley et al., 2001; Ohkubo et al.,
2002). Furthermore, absence of the restricted anterior expres-
sion of Bmp4 might be responsible for the failure of the
telencephalon to be split into two halves, as previously
suggested in the mouse (Furuta et al., 1997). We therefore
propose that RA signaling is not involved in setting up anterior
fates, since we show that the telencephalic markers Foxg1 and
Emx1 are expressed in the absence of retinoids, but to restrict
anterior identity by modulating anterior signaling necessary to
control cell growth and patterning of the developing prosence-
phalon. To this regard, Raldh2 and Raldh3 that are expressed in
the rostral and ventral surface ectoderm (see Figs. 5H and I; Li
et al., 2000; Wagner et al., 2000) could synthesize RA that may
act on the adjacent neuroectoderm and modulate SHH, BMP
and FGF8 signaling. Thus, we propose that RA regulates the
proper balance of BMP, FGF8 and SHH signaling necessary for
optimal growth and patterning of the forebrain (see Fig. 7 for
model).
Retinoids modulate WNT signaling dorsally and SHH ventrally
In addition to act on the A–P axis, retinoids seem to play a
fundamental role in restricting dorsal domains. Our data in the
VAD quail model clearly indicate that dorsal markers are
abnormally expanded. This is more evident in the diencephalon
and mesencephalon than in the telencephalon, which shows a
reduced size and abnormal morphology. In particular,Wnt1 and
Wnt3a show an increased ventral expansion consistent with
abnormal dorsal patterning (Supplementary Fig. 4). Therefore,
we propose that RALDH2, which is restricted to the dorsal
surface ectoderm, is involved in patterning the dorsal midline by
restricting WNT signaling (see also Fig. 7B). We observed that
in the chick, Rarβ, Rxrα and Rxrγ are expressed in the dorsal
neuroectoderm adjacent to the expression of Raldh2 (data not
shown), suggesting that RA might diffuse from the dorsal
surface ectoderm to the neuroectoderm to modulate dorsal
signaling. Functional studies have shown that WNT proteins
promote expansion of dorsal neuronal precursors (Ikeya et al.,
Fig. 7. Model of RA action during the development of anterior head regions. This model is based on the data obtained mainly in quail embryos. (A) At the
prosencephalic stage, RA is synthesized by RALDH2 (in pink) in the anterior surface ectoderm and acts on BMP4 (in light blue) and FGF8 signaling (in green).
RALDH2 is also present in the head mesenchyme in ventral regions and together with RALDH3 (in dark blue) in the ventral surface ectoderm, might regulate SHH
signaling (in orange). All these signaling centers are required for proper growth and patterning of the prosencephalon (pros). At later stages, when the telencephalon is
subdivided into two vesicles, RA is only synthesized in the dorsal midline and periocular mesenchyme (POM) by RALDH2, and in the nasal and oral (Rathke's pouch)
ectoderm by RALDH3 (not shown). In the eye region, RALDH2 is confined to the dorsal retina (dr), whereas RALDH3 is expressed in the ventral retina (vr). (B) In the
absence of retinoids, rostral Bmp4 expression is reduced in the surface ectoderm (se), while Fgf8 is expanded in se and neuroectoderm (ne). Ventrally, expression of
Shh and Nkx2.1 is slightly reduced (data not shown). At later stages, the overall shape of the forebrain is affected. These embryos have altered Fgf8 expression (in
green) anteriorly and expanded Wnt expression (in yellow) dorsally. They lack expression of Shh (in orange) in the zona limitans intrathalamica (zli), but expanded
Shh expression in the basal diencephalon. Finally, in the eye region Bmp4 expression is extended dorsoventrally. See text for discussion. Altered expression of markers
has been omitted in the nasal region. tel, Telencephalon; dien, diencephalon; mes, mesencephalon.
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dorsal neuroectoderm and irregular constrictions in VAD quail
and mouse models, suggesting an abnormal growth of the dorsal
ectoderm.
On the other hand the ventral neuroectoderm is thinner and
fails to form any clear optic recess and infundibulum,
suggesting abnormal ventral patterning. VAD quail, but not
Raldh2 null embryos, has decreased Shh expression in the
anterior-most region already at presomitic stages (Halilagic et
al., 2003; Ribes et al., 2006). However, in both models and at
later stages Shh expression is maintained, but its expression
domains are altered and the SHH downstream gene Nkx2.1 is
induced at lower levels when compared to normal embryos.
These data, together with alterations of other SHH target genes
in the Raldh2 null mutants (Ribes et al., 2006), strongly suggest
that RA synthesized mainly by RALDH2 is able to influence
SHH signaling. The close proximity of Raldh2 and Shh
expression domains in the avian diencephalon (Supplementary
Fig. 4), further supports the fact that retinoids might interact
with SHH signaling in patterning of the diencephalic region.
Therefore, we propose that retinoids act independently and at
different time windows ventrally on SHH signaling, rostrally on
FGF8 and BMP signaling and dorsally at later stages on WNT
signaling (see Fig. 7 for a summary). Unbalanced anterior andventral signaling already at early stages of VAD might produce
abnormal telencephalic vesicle outgrowth and increased ventral
cell death. Increased WNT signaling at later stages of VAD
would generate an abnormal proliferation rate dorsally and
neuroectodermal thickening and bulging. Expansion of dorsal
diencephalic properties could influence the ventral to dorsal
progression of SHH into the ZLI, as previously reported in
chick explants (Zeltser, 2005). Since SHH in the ZLI functions
as a local signaling center (Kiecker and Lumsden, 2004), its
absence in VAD embryos might contribute to the up-regulation
of dorsal and ventral thalamic markers and altered diencephalic
regional identity.
Retinoid signaling restricts dorsal properties in the eye and
contributes to the correct specification of the retinal pigmented
epithelium (RPE)
The role of RA in eye patterning has been subject of a
number of studies on different vertebrate species in the past
few years. In Xenopus, the ventral regionalization of the eye
seems to be specified by the collaborative interaction of three
sources of signals, SHH, FGF and RA (Lupo et al., 2005). In
zebrafish, addition of RA enhances early ventral eye charac-
teristics and expansion of the optic stalk (Hyatt et al., 1996).
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retina markers and altered retinotectal topography (Golz et al.,
2004; Sen et al., 2005). However, two recent studies using
mouse genetics conclude that patterning of the D–V axis of
the retina does not require RA, despite the expression of the
three Raldh genes in distinct D–V retinal compartments (Matt
et al., 2005; Molotkov et al., 2006). Both studies suggest that
RA acts during eye morphogenesis on the neural crest cell-
derived periocular mesenchyme (POM) through a paracrine
and non-cell-autonomous mechanism. Our data in the double
Raldh2/Raldh3 compound null mutant and VAD quail models
are in accordance with the fact that RA has no role on the
initiation of a D–V program in the retina. Indeed, our gene
expression analysis indicates that ventral and dorsal markers
are properly induced in the two models. However, we show
that the dorsal boundary of Tbx5 and Bmp4 expression is
shifted ventrally in retinoid-deficient embryos. Addition of
citral, an inhibitor of RA synthesis, in the chick eye anlage
enhances expression of Tbx5 and Bmp4, but not of Pax2
(Golz et al., 2004), consistent with what we observed in VAD
quail embryos. Furthermore, we detected ectopic expression
of Bmp4 in the prospective RPE of stage 14/15 VAD quail
embryos, suggesting that RA inhibits BMP4 signaling in the
RPE layer. At later stages, other markers known to be
repressed in the RPE, such as Pax6 and Tbx5, are induced in
the VAD dorsal RPE, and Otx2 and Mitf, two RPE-specific
markers, are down-regulated in the dorsal eye, implying that
the dorsal portion of the eye cup might have been transformed
into neural retina as a consequence of dorsal BMP4
expansion. It has been shown that the signals involved in
the specification of the RPE were derived from the
surrounding extraocular mesenchyme (Fuhrmann et al.,
2000). Furthermore, studies in chick RPE cells in vitro have
shown that RA can regulate the proliferation and differentia-
tion of RPE cells via induction of TGF-β (Kishi et al., 2001).
Here, we propose that RA might induce RPE character in vivo
via BMP4 signaling. It has been already shown that disrupting
BMP signaling by overexpressing noggin results in severe eye
dysmorphogenesis including a transdifferentiation of a portion
of the ventral RPE into optic stalk tissue (Adler and Belecky-
Adams, 2002). We observed a slight increase of Bmp4
expression in the dorsal retina already at stage 13 in VAD
quail embryos (data not shown) when Raldh2 is mainly
expressed in the POM, implying that the signal affecting
Bmp4 expression in the dorsal retina might originate from the
surrounding mesenchyme. However, mouse deficient for
Raldh1/Raldh3 (Matt et al., 2005) or for Raldh2/Raldh3
after RA rescue (this study) seems to have a normal RPE,
suggesting that either early RA supplementation rescues the
RPE defect, or that retinoids play a different role on RPE
differentiation in the two species.
In summary, we propose that besides being involved in eye
morphogenetic movements as previously described, retinoids
synthesized in the POM at early stages of development restrict
dorsal boundaries in the eye anlage and modulate BMP
signaling involved in the initial regionalization of the optic
vesicle into neural retina and RPE.Conclusions
In this study we have used two independent RA deficiency
models to better understand the role of retinoids in rostral head
and forebrain development. While the compound Raldh2/
Raldh3 null mutants have been used to look mainly at
morphological abnormalities at fetal stages, the quail model
has been useful to dissect the molecular mechanisms respon-
sible for the abnormalities observed at later stages. Although we
are aware that the two RA-deficient models are not fully
equivalent, this species comparison has nevertheless high-
lighted an important issue in retinoid signaling. The major role
of RA seems to be involved in maintaining the correct position
of morphological boundaries and gene expression borders
within the prosencephalon. By shifting boundaries, retinoids
influence the correct position and levels of signaling molecules
required for growth and patterning of the forebrain, such as
FGF8 and BMP anteriorly, WNT dorsally and SHH ventrally.
Abnormal signaling can have profound effects on craniofacial
patterning and might as an ultimate result lead to altered
proliferation, differentiation and cell fate. This also explains
why altering RA levels, either by excess or deficiency, can have
such profound effects on morphogenesis during development.
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